As an important symbol in Islam, a mosque is built with architectural grandeur. Among the characteristics is its high ceiling and it is usually constructed with a typical spherical dome shape. Some mosques, however, are influenced by the local culture and the dome can be of a different shape, such as pyramidal, as found in mosques in Malacca, Malaysia. This paper presents an assessment of the internal acoustical characteristics of a mosque having a pyramidal dome. The study is conducted by means of computer simulation using CATT indoor acoustic software. Reverberation time and clarity are taken to evaluate the intelligibility of speech. The effect of the angle and height of the dome on the acoustical parameters is discussed. It is found that a pyramidal dome with a steeper angle contributes to poor acoustic clarity.
INTRODUCTION
The mosque is inseparable from a Muslim community. It not only serves for ritual praying activity, but also has other social roles such as for preaching and public speaking. The latter activities require speech intelligibility and therefore good acoustic quality is important. Interest has been shown in the acoustic performance in mosques in the past 15 years, but has been mostly related to real-time acoustic measurement [1] [2] [3] . The studies then continue with computer simulation, which is a more attractive approach and is used for designing improvements to the acoustic quality [4] [5] [6] . The most recent study by Putra et al. [7] presents the possibility of applying micro-perforated absorbers to counter the low frequency problem in a local mosque. From previous studies, the dome is suspected of contributing to the poor intelligibility of speech in the mosque. The construction of a dome, however, is essential as one of the architectural characteristics of the mosque. The use of a dome is well-known since the Ottoman era. Despite having greatness in size and aesthetics, however, it repeatedly causes defects in the acoustical performance of a mosque [8] , yet only a few research works are available on the effect of the dome on the acoustics in a mosque. Soegijanto [9] studied the effect of typical domes or roof shapes in mosques in Indonesia using computer simulation. From three different roof-ceiling shapes, the hall with a dome and pyramidal tier-roof has high potential for producing sound concentrations and echoes compared to a ceiling with a flat surface. Prodi and Marsilo [10] developed a scale model of a mosque to study the effect of the coupling between the volume of the dome and the remaining volume of the mosque on the reverberation time. The volume could be adjusted by raising or lowering the floor. From the measurement data, it was found that the dome ceiling can help to lower the reverberation time only with a reflective floor condition. Setiyowati [11] discussed the results of acoustic measurements of several local mosques and it was concluded that the dome shape has an important effect on the acoustics inside a mosque. The author proposed that various shapes should be considered possible, on the condition that it must be arranged well to avoid late reflections and focusing of sound problems. This paper presents a study in more detail on the effect of a pyramidal dome on the acoustics of a mosque. This study was conducted as there is still a lack of research concerning the effect of the dome on acoustics in a mosque, and especially pyramidal domes which have long existed and are still applied as part of the architectural design. In Malaysia, this type of mosque is mostly found in the State of Malacca, where the architecture of the mosque, including the roof or dome, follows the traditional Malay house. Figure 1 shows the Sayyidina Abu Bakar Mosque, which has become an icon for the Universiti Teknikal Malaysia Melaka (UTeM) in Malacca, where the dome is pyramidal rather than the typical spherical shape. A simulation was conducted to calculate the reverberation time (RT) and the clarity (C50) as the main parameters that define the intelligibility of speech. 
THE CATT MODEL
The mosque's geometry details are modelled using CATT indoor acoustic software version 9. The absorption coefficient for the materials is selected from the software library. Omni-directional sound sources emitting white noise are used in the model and are located at a typical location inside the mosque, namely the mihrab. To investigate the effect of the pyramidal dome on the acoustical characteristics, three different inclined angles of pyramidal dome are modelled. Figure 3 shows the diagram of the mosque with pyramidal dome geometry, where t is the dome height, α is the angle between the inclined surface and a horizontal surface and w is the height of the wall. The angles are defined by the change of the dome height, thus giving different values of α. The height of the wall w is adjusted to maintain the total volume of the mosque. This is to avoid the effect of a change in volume on the acoustical parameters and to ensure that the analysis is based on the characteristics of the dome. Figure 4 shows the 2D CATT model of the mosque with three different pyramidal domes. 
RESULTS AND DISCUSSION
The results presented here are for 500 Hz, a frequency important in affecting the intelligibility of speech.
Reverberation Time
Reverberation time is a basic parameter used as an objective measurement of the acoustical characteristics in a mosque. It is defined as the time for the decrement of sound energy by 60 dB after the sound source is switched off. Researchers have proposed several 'acceptable' RT graphs based on the volume of a room and its function [12] . For example, a room designed for musical performance may have a higher RT than that intended for speech. Figure 5 shows the mapping of RT at the plane 0.5 m above the floor, together with its histogram for different dome heights and angles. Here, it is shown that most of the area experiences high RT, i.e. above 3 s, except at the front area around the mihrab, where direct sound from the source is dominant. For the rest of the area, late reflections dominate and thus increase the RT. A slightly higher percentage of rays arrives at 3.2 s for α = 31º. This is because more reflections occur inside the dome before the sound waves propagate into the main hall of the mosque. 
Clarity
Clarity (C50) is often used to determine the intelligibility of speech [13] , and is defined as the ratio of early to late arriving sound. Values in the range of -3 to +9 dB are found to be suitable in a room designed for speech [14] . Figure 6 shows that around one third of the floor area (from the mihrab) has good C50 for all three conditions of the dome.
The receivers in this area are still assisted by the direct sound received from the sound source in the mihrab. If the mosque is mostly occupied by one third of its volume, for example, during the prayer congregation, this condition is still practically acceptable. However, at the middle and the back area, including below the dome, C50 is poor and this becomes worse as the height of the dome is increased. The histogram in Figure 6 shows that the distribution trend of the clarity shifts to the left (negative values) with increasing dome angle. As the angle of the dome increases, more sound energy is trapped, causing more late reflections and so contributing to poor clarity of speech.
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Ray Tracing
In ray tracing analysis, a large number of sound rays are traced from the sound source point up to a high order of reflections following the optical law of reflection. The main result is the distribution of rays directing to the receiver location. This is analysed in appropriate intervals of the time delay, providing a qualitative representation of the sound distribution in space and time and is represented by a specular echogram graph. Early reflection indicated by the sound reflection arriving within 50 ms is useful as it enforces the direct sound arriving after the sound source has stopped (as the definition of C50). High energy of the early reflection will overcome the effect of reverberation. Difficulty achieving speech intelligibility comes when the reflection arrives after 50 ms. Most of the reflections coming after that time blend with other reflections, creating echoes or undesired reverberation. Figure 7 shows the specular echogram until the second order of reflections for the corresponding pyramidal dome height. The results are shown for the receiver position located below the dome at position 6 (see Figures 5 and  6 ). It can be seen that an increasing number of reflections shift to the reverberant region, i.e. above 50 ms, as the height of the dome increases. By comparing the same path for each reflection sequence, it is found that the sound reflection with the same sequence increases in time to reach the receiver as the angle of the dome increases. This is because the distance for the sound reflection to reach the receiver increases as the angle is increased, due to multiple reflections inside the dome. 
CONCLUSIONS
The effect of different angles of pyramidal dome on the acoustical characteristics in a mosque has been reported. The simulation results show that the lower or the smaller the angle of the pyramidal dome, the better the sound clarity in the mosque. This finding can be a useful input for architects when designing a dome for a mosque taking into account its effect on the interior acoustical performance. On the dome surface, acoustic materials or a Helmholtz resonator can be applied to absorb low frequency sound and to minimize the effect. The presence of carvings with calligraphy or Islamic geometric patterns may also help to distribute sound energy, although this is effective only at high frequency. It will also be of interest in future work to investigate other acoustical parameters, especially those representing the sound distribution in the mosque. This can then be compared with the typical spherical dome.
